Abstract A small fraction(< 10%) of SDSS main sample galaxies(MGs) have not been targeted with spectroscopy due to the the fiber collision effect. These galaxies have been compiled into the input catalog of the LAMOST extra-galactic survey and named as the complementary galaxy sample. In this paper, we introduce the project and the status of the spectroscopies of the complementary galaxies in the first two years of the LAMOST spectral survey(till Sep. of 2014). Moreover, we present a sample of 1,102 galaxy pairs identified from the LAMOST complementary galaxies and SDSS MGs, which are defined as that the two members have a projected distance smaller than 100 h −1 70 kpc and the recessional velocity difference smaller than 500 km s −1 . Compared with the SDSS only selected galaxy pairs, the LAMOST-SDSS pairs take the advantages of not being biased toward large separations and therefor play as a useful supplement to the statistical studies of galaxy interaction and galaxy merging. 
INTRODUCTION
In the standard hierarchical structure formation model, galaxies are built up through merging processes. Numerical simulations show that the galaxy mergers can trigger the star burst, feed the central super-massive black hole and transform the galaxy morphology (Springel et al., 2005) . These different physical processes take places at different stages of galaxy merging. At early stage, as two galaxies approaching, they start to have interactions on each other out to a distance of about 100 kpc. After the first passage, the galaxies start to show strong tidal tails and undergo star bursts. After few times of passages, the galaxies quickly evolve into final coalescence. The whole time scale of the merging progress takes bout 1 − 2 Gyr .
In observation, the processes of galaxy merging have been probed by statistical studies of galaxy pairs as function of their separation, stellar mass, morphology, mass ratio and many other parameters(e.g. Nikolic et al., 2004; Ellison et al., 2008 Ellison et al., , 2013 . In such studies, a large and unbiased sample of galaxy pairs is crucial. By far, the largest low redshift galaxy pair sample is identified from the main galaxy(MG) sample of the Sloan Digital Sky Survey(SDSS, York et al., 2000) , which is a spectroscopic survey of a magnitude-limited sample down to r < 17.77 (Stoughton et al., 2002) . The spectroscopic completeness of the MG sample in SDSS is quite high (∼ 90%, Hogg et al., 2004) . Based on the spectroscopic MGs in the final data release of the SDSS legacy survey(Data Release Seven, DR7 Abazajian et al., 2009) , the number of galaxy pairs is over 10,000(e.g. Ellison et al., 2011) . Despite of this large number, the galaxy pair sample identified from the spectroscopic MGs is far from complete. The incompleteness of the galaxy pairs is mainly caused by the fiber collision effect in SDSS, which is a minimum separation of 55 arcsec between any two fibers for any given spectroscopic plate. As a result, the completeness of the galaxy pairs identified from the spectroscopic MGs is estimated to be only about 35 percent (Patton & Atfield, 2008) . In other words, the SDSS missed galaxies caused by the fiber collision have a very high probability being in galaxy pairs. Therefore, spectroscopic targeting of the SDSS missed galaxies is an efficient way to identify new galaxy pairs. Only if all these SDSS missed galaxies could be targeted by a new spectroscopic survey, a complete and unbiased galaxy pair sample could be finally made. More importantly, such a sample would be a benchmark on the studies of small-scale environmental effect of low redshift galaxies.
In this manuscript, we introduce the project of observing the SDSS missed MGs with the Guo Shou Jing Telescope (also named as the Large Sky Area Multi-Object Fiber Spectroscopic Telescope -LAMOST) 1 and present its early result: a new sample of galaxy pairs. This paper is organized as follows. In section 2, we introduce the project of the spectroscopic observation of the SDSS missed MGs with LAMOST. In section 3, we present a new galaxy pair sample using new redshifts from LAMOST survey. Finally, we make short discussions and give summary in Section 4.
LAMOST SURVEY: COMPLEMENTARY GALAXY SAMPLE
LAMOST is a special quasi-meridian reflecting Schmidt telescope located at Xinglong Station of National Astronomical Observatory of China. The design of LAMOST provides an effective aperture about 4 meters, a diameter of ∼ 5
• field of view and a spectroscopy system with ∼ 4000 fibers (Wang et al., 1996; Su & Cui, 2004; Cui, 2012) . After about one year of pilot survey (Luo & et al., 2012) , the LAMOST regular spectral survey has started from September of 2012 and would last for 5 five years. An overview of the LAMOST spectral survey can be seen in Zhao et al. (2012) . The LAMOST regular survey mainly focuses on Galactic stars, but also includes a significant fraction of extragalactic objects(e.g. Huo, 2013; Shi et al., 2014) . One of the sample of the extragalactic sources is the SDSS missed MGs , and is named as the complementary galaxy sample in the LAMOST survey (Luo & et al., 2015) . Frac Fig. 1 The SDSS spectroscopic MGs and complementary galaxy sample. Top: the r band Petrosian magnitude distribution. The solid and dotted histograms show the distributions of the complementary galaxies and SDSS spectroscopic MGs respectively, while the dashed histogram shows the 3,456 complementary galaxies with spectra in LAMOST DR2(Section 2.2). Bottom: the angular separation to the nearest SDSS MG(complementary galaxy: solid, SDSS spectroscopic MG: dotted). All the histograms have been normalized to unit area.
The complementary galaxy sample is constructed from the catalog archive server of the SDSS legacy survey, where all the galaxies with r band Petrosian magnitude (Galactic reddening corrected) brighter than r = 17. 77 and not yet with spectroscopic redshifts are selected. The footprint of the complementary galaxies in the LAMOST survey is restricted in the north Galactic cap region (−10 < δ < 60 deg and b > 0 deg).
2 After that, we remove a small fraction of galaxy targets that might be contaminated by nearby bright stars using the spherical polygon masks in the NYU value added galaxy catalog (Blanton et al., 2005) . The final number of the complementary galaxy sample in the input catalog of the LAMOST spectral survey is 66,263.
In SDSS DR7, the number of the MGs that have been targeted with spectroscopy in north Galactic cap is 639,428. That is to say, the fraction of SDSS missed MGs(66, 263 of 705, 691) is about 10 percent. In Fig. 1 , we show the r band Petrosian magnitude distributions of the complementary galaxy sample and the SDSS spectroscopic MGs respectively. As can be seen, the complementary galaxies have similar magnitude distribution as the SDSS spectroscopic MGs, but are slightly biased toward faint galaxies. Most of the SDSS missed MGs are due to the fiber collision effect, therefor they are expected to be biased toward the high density region. To show this effect quantitatively, we match each complementary galaxy to the global MG sample and obtain the projected distance θ min (in unit of arcsec) to its nearest neighbor. For comparison, we also calculate θ min for each SDSS spectroscopic MG. The two distributions of θ min are plotted in the bottom panel of Fig. 1 . Strong biases of two θ min distributions at 55 arcsec are clearly seen. This result not only shows that the complementary galaxies are biased to the high density environment, but also implies that the galaxy pair sample identified from the SDSS spectroscopic sample alone is far from complete (Patton & Atfield, 2008) .
To quantify the incompleteness of the galaxy pairs in SDSS, we select photometric galaxy pairs in the SDSS MG sample, which are defined as the galaxies and their nearest neighbors inside the radii of 100 arsec. We match photometric pairs from the SDSS spectroscopic MGs and from all the MGs respectively. The fraction of the galaxy pairs of these two samples gives us a estimation of the completeness of the galaxy pairs in SDSS spectroscopic MGs. We show the resulted completeness as function of the pair angular separation in the top panel of Fig.  2 . Again, we see that a strong incompleteness jumps at the angular separation θ < 55 arcsec, where the completeness is only about 30 percent and even decreases with the decreasing of θ.
In the bottom panel, we show the completeness of the galaxy pairs as function of the redshift. Here, we have defined the galaxy pairs as these with projected separation r p < 100 h −1 70 kpc(see Section 3) and assumed that the separation follows a random distribution. In this case, the galaxy pairs in SDSS spectroscopic MGs decreases with increasing of redshift and reaches a plateau ∼ 30 percent at z > 0.09 where the 55 arcsec limit corresponds to a projected distance 100 h −1 70 kpc. Since the peak redshift of the SDSS MGs is at z ∼ 0.1, the global completeness of the galaxy pairs in SDSS spectroscopic MG sample is less than 40 percent.
LAMOST observation
The complementary galaxies are mixed together with other LAMOST targets(most of them are Galactic stars) and then compiled into the LAMOST survey plates. In each plate, the number density of the complementary galaxies is very low, which are therefore assigned fibers with higher priority than stars. In the LAMOST survey, the input sources are tiled into three different types of plates, the bright(B), medium(M) and faint(F) plates, which are designed to reach the average signal-to-noise ratio (S/N ∼ 10) for the objects down to the magnitude limits r < 16.5, r < 17.8 and r < 18.5 respectively. Most of the complementary galaxies have their magnitudes in the range 16.5 < r < 17.8 ( Fig. 1 ) and therefor are mainly tiled into the M plates. On the other hand, due to the limited number of the dark nights, the observing time allocated for the M plates is quite few. Because of that, only a small fraction of the complementary galaxy sample have been targeted yet.
The spectroscopic data used in this study is from the LAMOST Data Release 2 (DR2) , i.e the data till June 2014 . In LAMOST DR2, there are 3,456 complementary galaxies that have been targeted with spectroscopy and with spectra released. The magnitude distribution of these 3,456 LAMOST targeted galaxies is plotted as the dashed histogram in the top panel of Fig. 1 . Compared with the input of the 66,263 complementary galaxies, the LAMOST targets are evidently biased toward bright galaxies. There are two reasons for this bias. First, some of the bright complementary galaxies(r < 16.5) are compiled into the target list of LAMOST B plates, which far outnumbers the M plates. The other reason for the bias against the faint galaxies is the failure of the spectroscopies because of their low S/N (see next section). 
redshift measurements
In the catalog of LAMOST DR2, only 1,951 of the 3456 complementary galaxies have redshifts measured from the LAMOST 1-D pipeline and published in the LAMOST catalog. The failure of the redshift measurements is mainly due to the low S/N of the LAMOST spectra of the faint galaxies(r > 16.5). We show the mean S/N in the r-band wavelength range against the r-band magnitude of the 3,456 LAMOST targeted galaxies in the top panel of Fig. 3 . The distribution of the S/N is shown in the bottom panel. As can be seen, when r > 16.5, the median S/N of the LAMOST spectra becomes lower than 10, which makes the number of the spectra with LAMOST catalog z decreases significantly (see dotted histogram in the bottom panel of Fig.  3 ).
To further improve the successful rate of the redshift measurement, we developed an independent PCA redshift measurement algorithm following the pipeline used for the 'CMASS' galaxies in the Baryon Oscillation Spectroscopic Survey of the SDSS III (Bolton et al., 2012) . The detail of the pipeline will be presented in an upcoming paper. Here, we outline the basic routines in Appendix A. With this algorithm, we obtained 2,796 redshift measurements. In Fig.  3 , the dashed line shows the fraction of the spectra with PCA redshifts measured. It is clearly that our new PCA algorithm makes a significant improvement on the redshift measurement of the LAMOST spectra, especially at the low S/N end.
To quantify the redshift measurements from the LAMOST 1-D pipeline and our PCA algorithm, we compare their redshifts with other independent measurements. After the SDSS legacy survey, some of the SDSS missed MGs had been targeted by the BOSS spectroscopy in SDSS III (Dawson et al., 2013) 3 . We matched the 3,456 complementary galaxies with SDSS DR12 spectroscopic catalog and obtained 1,056 matches. For these 1,056 galaxies, the LAMOST catalog lists 604 redshifts while our PCA algorithm provides 923 redshift measurements. In Fig.  4 , we show the histograms of the differences of the redshifts (in terms of recessional velocity difference ∆V ) of these galaxies with both LAMOST and SDSS redshifts. The LAOMST redshifts from 1-D pipeline and PCA algorithm both show good consistences with SDSS values. For the LAMOST catalog z, the standard deviation of ∆V is about 80 km s −1 . For the PCA z, the scatter of ∆V is even smaller, ∼ 58 km s −1 . Given the better consistence with the SDSS redshifts of the PCA redshift measurements, we use the PCA redshifts for these galaxies with both PCA redshifts and catalog redshifs. For the 1,056 galaxies with SDSS redshifts, we take their redshifts from SDSS catalog. As we will show in the next section, the criterion of the velocity difference we adopted to identify galaxy pairs is |∆V | < 500 km s scatter between the SDSS and LAMOST redshift measurements have few impacts on the pair identification.
THE GALAXY PAIR SAMPLE
In this section, we combine the redshifts of the complementary galaxies with the SDSS spectroscopic MGs to identify new galaxy pairs. For the 3,456 complementary galaxies, we have obtained 3,137 redshifts. Among them, 1,056 redshifts come from SDSS DR12, 1906 from PCA algorithm, 175 from LAMOST 1-D pipeline.
In observation, a galaxy pair is typically defined from the projected distance r p and recessional velocity difference |∆V | of two neighboring galaxies. However, there is no consensus on the critical values of r p and |∆V |. For example, both based on SDSS DR7, Liu et al. (2011) defined an AGN pair sample with |∆V | < 600 km s −1 and r p < 100 h 70 kpc(see also Scudder et al., 2012; Argudo-Fernández et al., 2015) . For the projected distance r p , there are evidences that galaxies show interactions on their neighbors at r p > 80 h −1 70 kpc (Scudder et al., 2012) . In this study, we set a critical value r p < 100 h −1 70 kpc. For ∆V , a large critical value (for example, |∆V | < 1, 000 km s −1 ) might introduce a significant fraction of contamination from the high density environment(e.g. galaxy groups and clusters). In this study, we select galaxy pairs using |∆V | < 500 km s −1 (see Appendix B for more discussions). We match the redshifts of 3,137 complementary galaxies with the spectroscopic MGs in SDSS DR7 using the criteria r p < 100 h −1 70 kpc and |∆V | < 500 km s −1 and obtain 1,141 galaxy pair candidates. In a few cases, a complementary galaxy may have more than one SDSS spectroscopic MGs matched. In this case, we choose the galaxy with the smallest r p as the matched pair member and mark this pair being in a multiple system. We will come to the multiple systems in Section 3.1. Moreover, to have a better quality control to the pair sample, we make visual inspections on the SDSS images for all the pair candidates. In a few cases, the imperfect SDSS pipeline de-blends big galaxies into several small children. This effect results in 39 fake pairs. Thus, our final sample include 1,102 galaxy pairs. We show the histograms of the r p and |∆V | of the final 1,102 galaxy pairs in the bottom two panels of Fig. 5 , where the distributions of the angular separation Θ (in acrsec) between the pair members and their average redshifts are shown in the top two panels. To have a better understanding of the statistical properties of the new pair sample, we show the distributions of the SDSS only pairs as the dotted histograms in each panel of Fig. 5 for comparison. The SDSS only pairs are selected from the SDSS DR7 group catalog of Yang et al. (2008) using the same criteria above. The number of the SDSS pairs is 16,973. Because of its large number, we have not made visual inspections on this sample. However, according to the fact that there are only 39 of 1,141 LAMOST-SDSS pairs are fake, we expect the impact of the fake pairs to its statistical properties should be quite small. For convenience, we abbreviate the LAMOST-SDSS pairs as the LS pairs and the SDSS only pairs as SS pairs below.
As can be seen from Fig. 5 , except the distribution of |∆V |, the LS pairs show significant difference from the SS pairs. The angular separation of the SS pairs is clearly biased toward large values(Θ > 55 arcsec, top left panel). This, as we mentioned, is because of the 55 arcsec fiber collision effect in SDSS. The SS pairs are also biased toward lower redshifts(top right panel), which again is because of the fiber collision effect. Although the low z selection effect compensates the high Θ bias, as a combination, the SS pairs are still biased toward large separation (r p ) ones (bottom left panel). Compared with the SS pair sample, our new LS pairs only increase the number of pairs by a few percent (∼ 7%). However, for the close pairs with 70 kpc), the number of the LS pairs enlarges the SS pairs by more than 14 percent(358 versus 2527). Therefor, the LS pair sample could be a useful supplement to the current SS pair sample, especially for the close pairs, which are valuable in the statistical studies of galaxy interaction and merging .
For the velocity difference (bottom right panel), the standard deviation of the LS and SS pairs is 218 and 198 km s −1 respectively. Considering the fact that the dispersion of the redshift differences between the LAMOST and SDSS measurements could be as large as ∼ 80 km s −1 (Fig. 4) , these two results are consistent with each other. In this panel, we also plot a Gaussian distribution with standard deviation σ = 218 km s −1 for comparison. As we can see, the distribution of |∆V | of LS pairs deviates from the Gaussian function, especially at the tails (see Appendix B for a more detailed discussion).
The catalog of the LS pairs are listed in Table 1 . Besides basic parameters(e.g. Ra, Dec, redshift) for each pair member, we also list two extra flags(M Flag and O Flag) for each pair, which characterizes the multiplicity and the image overlapping of the pair members respectively. In the following two sub-sections, we make brief descriptions on these two flags.
multiple system
Our galaxy pair sample is defined from two simple observational criteria (r p < 100 h −1 70 kpc and |∆V | < 500 km s −1 ) . Besides the pair members, the other neighboring galaxies have not been taken into consideration. However, to study the galaxy interaction and galaxy merging using galaxy pairs, it is better to refine a sample of physical pairs, where the interaction between two pair members overtakes the effects from other neighbors(e.g. Argudo-Fernández et al., 2015) . For this purpose, we mark the galaxy pairs in multiple system with a multiple flag 'M Flag'. Our aim is to remind that these pairs may not be suitable for studying galaxy interactions by only considering their members.
We define a galaxy pair in multiple system when either of its member has another main galaxy neighbor(r < 17.77) that also satisfies the pair definition(r p < 100 h Table 1 and noted as 'multiple' pairs below. For comparison, the pairs with M Flag = 0 are noted as 'dual' pairs.
To check the possible distinction between the multiple and dual pairs, we compare the g − r color(taking from the SDSS model magnitudes and with K-correction applied) distributions of their members in Fig. 6 . The galaxies in multiple pairs are averagely redder than in dual ones. In specific, the red galaxy fraction(g − r > 0.7) in the dual and multiple pairs are 0.52 and 0.66 respectively. This color bias is caused by the fact that the multiple pairs are biased toward high density environment (i.e. galaxy groups and clusters).
We remind that the M Flag set for the multiple systems is quite a preliminary parameter. Since the pairs are selected from a magnitude-limited sample, both of the pair sample and the multiplicity flag have strong redshift dependence. For example, a triplet system with M r,i = −20, −21, −22 mag would be identified as a triplet, a pair and a single galaxy in the SDSS MG sample (r < 17.77) at redshift z = 0.05, 0.1, 0.15 respectively. On the other hand, the multiplicity flag is also not complete, which is because of the high incompleteness of the SDSS spectroscopic MGs at small scales and also because of the small fraction of the complementary galaxies been targeted by LAMOST yet. For the dual pairs with M Flag = 0, they are still possibly in multiple systems, i.e. having another companion galaxy but without redshift measured yet.
4 That is to say, the fraction of the pairs in multiple system (197 of 1102) is actually a lower limit. Given the significant fraction of galaxy pairs in multiple system, the studies of galaxy interactions with galaxy pairs should take the multiplicity of the galaxy systems into consideration (Shen et al. 2015, in preparation) .
overlapping pairs
The luminosity/mass ratio of the pair members plays an important role in galaxy merging (Jiang et al., 2014) . However, photometry of a very close galaxy pair is a nontrivial task . During the visual inspection of the galaxy pairs, we noticed some of the galaxy pairs whose images of their members overlap each other significantly. We mark such pairs(N = 216) with a flag O Flag = 1. For these overlapping pairs, the uncertainties of their photometry might introduce uncertainties and possible biases in the estimation of the stellar mass and mass ratio.
We show the g − r color distribution of the overlapping pairs as the dotted histogram in Fig. 7 , where the distribution of the other pairs is shown as the solid histogram for comparison. As can be seen, although the overlapping pairs have much closer projected distance, their colors are biased toward redder values. The fraction of red galaxies(g − r > 0.70) in the overlapping pairs is 62 percent, which is significantly higher than the fraction 0.52 for the non-overlapping pairs. Unless there are big uncertainties in the photometry of these overlapping pairs, it is hard to explain the color bias we see in Fig. 7 . Actually, Patton et al. (2011) have already shown that the poor photometry of SDSS official pipeline is largely responsible for the suspicious and large fraction of of extreme red galaxies(e.g. g − r > 0.9) in the very close galaxy pairs. Therefore, to get a better estimation of the mass ratio of these overlapping pairs, more detailed photometry is required(e.g. Simard et al., 2011) . Here, we set this flag for a caution and leave the detailed photometry for a future work.
CONCLUSION
In this paper, we presented the project of the spectroscopic survey of the SDSS missed MGs(r < 17.77) using LAMOST. The SDSS missed MGs are named as the complementary galaxy sample in the LAMOST survey. In the first two years of the LAMOST survey, due to the limited survey time of the medium(M) plates, only a small fraction (3,456 of 66,263) of the complementary galaxies had obtained LAMOST spectra. The majority of these spectra have quite low S/N , which are mostly due to the poor seeing condition. We developed a PCA algorithm to improve the redshift measurements of these low S/N spectra. Together with the SDSS DR12 match and LAMOST 1-D pipeline results, we finally obtained 3,137 redshifts of the 3,456 complementary galaxies.
Considering the fact that the SDSS missed galaxies are mainly caused by the fiber collision effect, the spectroscopy of the complementary galaxies has a great potential in identifying new galaxy pairs. We present such a catalog of galaxy pairs identified from the first two years data of the LAMOST survey. From the redshifts of 3,137 complementary galaxies, we obtained a sample of 1,102 galaxy pairs after a careful visual inspection. Compared with the galaxy pairs selected from SDSS data only, our pair sample includes a larger fraction of close pairs(r p < 30 h −1 70 kpc). Because of such advantages, our sample increased the current SDSS close pairs sample by about an amount of ∼ 15 percent. In common with other studies, our pairs are selected using two simple observational criteria(r p and |∆V |) . Whether they are physical bounding systems have not been taken into consideration. We find that at least ∼ 20 percent of the pairs are actually located in multiple systems((M Flag = 1) ). Moreover, during the visual inspection, we find, for about 20 percent the pairs, the images of their members overlap each other. Therefor, the photometry and stellar mass estimation of the galaxies in these overlapping pairs(O Flag = 1) should be in caution.
With the acceleration of the LAMOST survey on the complementary galaxies in the current and future season(from Sep. of 2014), we expect that the completeness of the galaxy pairs will be further improved. Once the LAMOST survey had finished the spectroscopies of the complementary galaxy sample, the great progresses on the studies of galaxy pair, galaxy interactions, galaxy merging and the small-scale environmental effects of galaxies would be expected.
